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Abstract—In this paper, we investigate the cross-layer design
for congestion, contention, and power control in multi-hop cogni-
tive radio ad-hoc networks (CRAHNs). In particular, we develop
a unified optimization framework achieving flexible tradeoff be-
tween energy efficiency and network utility maximization where
we design two novel cross-layer cognitive algorithms comprising
efficient powered-controlled MAC protocols for CRAHNs based
on the concepts of social welfare and net revenue in economics.
The proposed framework can balance interference, collision,
and congestion among cognitive users (CUs) including cognitive
sources and cognitive links while utilizing stochastic spectrum
holes vacated by licensed users (LUs). The former allows both
cognitive sources and cognitive links to simultaneously adjust
their transmission parameters (i.e., transmit power, persistence
probability, and rate) following the law of diminishing returns
whereas the latter forces cognitive links to control the persistence
probability and transmit power in order to asymptotically
balance the offered load regulated by cognitive sources. Our
proposed protocols are then validated and their performance is
compared with the existing MAC schemes in the literature via
numerical studies.

Index Terms—Cross-layer optimization, medium access con-
trol, CRAHNs, congestion control, power control.

I. INTRODUCTION

COGNITIVE radio networks [1] are envisioned as a rev-
olutionary communication paradigm that can resolve the

radio spectrum scarcity by cleverly adapting its transmission
into under-utilized and/or unoccupied spectral holes of incum-
bent systems. Many standardization projects such as IEEE
802.22, ECMA 392, IEEE SCC41, and IEEE 802.11af, IEEE
1900 have recently been evolved for potential applications
of such cognitive radio networks. Similar to conventional
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wireless networks, the cognitive radio network can be im-
plemented as either an infrastructure-based network or an ad
hoc network. In multi-hop CRAHNs, collisions due to channel
contention among different links at the MAC layer, congestion
due to sharing of common links among greedy sources at the
transport layer, and interference due to co-utilized dynamic
spectrum sharing among several simultaneous transmissions
at the physical layer are key obstacles that can fundamentally
reduce the network performance. Hence, a concrete cross-layer
framework is needed to harmonize these complex interactions
at different layers of the wireless protocol stack.

The key principle of opportunistic spectrum access (OSA)
is to seek spectrum opportunities in time and space over
licensed channels through channel cognition, known as spec-
trum interweave [2]. Because of imperfect knowledge of
primary channels and limited range of spectral hole sensing,
CU transmissions are constrained on interference caused to
LUs. In the literature, a large number of recent studies [3]–
[11] address smart MAC protocol design in which spectrum
sensing is integrated into some other network functionalities
under spectrum interweave paradigm in order to avoid possible
collisions with LUs. Dai et al. [3] proposed a beamforming-
based cognitive cooperative communication protocol where
CU-transmitter (CU-Tx) must regulate its power and employ
the best relay selection algorithm while CU-receiver (CU-Rx)
leverages beamforming to best-receive data from both its CU-
Tx and relay node. Thereby, CUs can enhance the spectrum
opportunities and reduce the outage probabilities while making
no harmful interference to LUs. The authors in [4] proposed
an opportunistic-sensing-based multi-channel MAC protocol
where CU-Tx opportunistically senses the entire channel pool
in collaboration with the others and regulates its power as
low as possible so that it can utilize spectrum holes even in
mis-detecting the LU’s presence. As a result, CUs can fully
utilize the spectrum opportunities without causing harmful
interference to LUs. In [5], the authors developed an intelligent
MAC protocol in which the SUs’ spectrum sensing must be
done simultaneously in cooperation with contention resolu-
tion task. Tan and Le [6] addressed the design of optimal
contention window and the sufficient sensing time allocation
to enhance CUs’ throughput and protect active LUs. More
specifically, the studies [7]–[10] concentrated on the design of
opportunistic multi-channel MAC protocols which can operate
in ad-hoc mode. The impact of hardware and physical layer
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limitations on the contention control is practically considered
for an efficient spectrum management [11].

Most existing OSA-based MAC studies ignore both stochas-
tic spectrum utilization in space and fairness in channel con-
tention resolution (see, for example, [3]–[11]). They only fo-
cus on how to best-exploit spectrum opportunities in time and
minimize the number of collisions with LUs by proposing dif-
ferent transmission strategies associated with spectrum sensing
policies. However, random interference due to fading and the
limited sensing capability of CUs may seriously degrade the
LUs’ performance if there are no sufficient MAC mechanisms
for LUs’ protection. In addition, no CU’s transmissions in
the LUs’ presence wastes the potential spectrum resource
while the harmful interference caused by the CUs’ concurrent
transmissions to LU-Rx remains tolerable. To leverage these
shortcomings, in this paper, we propose optimal cross-layer
algorithms where congestion control and power control are
taken into account jointly with contention resolution in an
α-fair and distributed manner, where α ≥ 0 characterizes the
user fairness [12]. The benefit of power control on OSA-based
MAC protocol is that we can essentially reduce the contention
density thanks to interference balance among CUs and get
much more spectrum opportunities. By introducing a unique
collision probability constraint and an acceptable interference
threshold, we make sure that LUs’ quality of service (QoS) is
always maintained above the target thresholds in any fading
channel conditions.

Although IEEE 802.22 based MAC protocols that take
into account cognitive radio characteristics have been studied
extensively in [13], [14], these efforts have not yet investigated
the impact of contention resolution on the other layers of the
protocol stack. In this paper, we focus on the OSA-based
cross-layer MAC schemes for multi-hop CRAHNs, in which
the interactions of three barriers (i.e., congestion, collision,
and interference) are carefully considered to seek an optimal
operating point for CUs. Also, different from its counterparts
in traditional wireless ad hoc networks [15], [16], our OSA-
based MAC protocols not only provide the good performance
(e.g., throughput and fairness), but also perform interference-
alignment tasks to best-utilize opportunistic spectrum in both
space and time. Unlike the standardized MAC protocol in
802.11 [17] where the binary exponential back-off mechanism
can result in inefficient and unfair contention resolution, our
cross-layer MAC protocols aim to achieve energy efficiency
and contention fairness through a unified cross-layer opti-
mization framework. Our contributions can be summarized as
follows:

1) New Cross-layer MAC Problem: A new cross-layer MAC
framework in CRAHNs under spectrum interweave ap-
proach is proposed for interference-dependent contention
resolution. By introducing a unique collision constraint
and tolerable interference threshold to protect LUs’ trans-
mission, CUs can opportunistically adapt their transmis-
sions into spectral holes even in the events of a false
spectral hole detection or LU’s presence.

2) Optimal and Sub-optimal Algorithms: We achieve the
trade-off between efficiency and scalability through de-
veloping two cross-layer cognitive MAC protocols in
stochastic spectrum medium from the optimal and sub-
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Fig. 1. An example of OSA-based CRAHN system.

optimal distributed solutions with/without message pass-
ing. More importantly, both outperform the existing MAC
schemes and move towards the stable state of lower
potential energy as the link powers fall into contention-
limited operation region whereas the performance of
existing MAC schemes seriously degrade.

3) Efficiency-Fairness Tradeoff: We show that our cross-
layer MAC protocols can achieve a high social welfare
with a proportional fairness and yield much more con-
siderable energy saving than the existing MAC schemes
thanks to considering the interaction relationship of MAC
and the other layers.

The rest of this paper is organized as follows. Section II
presents the system model and assumptions. Section III in-
troduces the optimal cross-layer cognitive radio MAC design
using the methodology of dual decomposition. In Section IV,
we present the sub-optimal distributed strategy to make our
proposed MAC protocol implementable and scalable. We
present numerical results to illustrate the performance of our
proposed protocols in Section V, and conclusion is presented
in Section VI.

II. SYSTEM MODEL AND NETWORK ASSUMPTIONS

We consider a multi-hop CRAHN modeled by a directed
graph G(N ,L) as exampled in Fig. 1, where N is the set of
cognitive nodes, L is the set of unidirectional cognitive links;
N and L are their corresponding cardinalities. In contrast to
[15], in this paper, the set of M orthogonal spectrum sub-
bands, denoted by M, is opportunistically exploited from
primary system consisting of H pairs of LUs by all CUs
using spectrum pooling [18], [19]. Note that each pair of
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IMPORTANT NOTATION

Symbol Definition
N , M Number of cognitive users, number of licensed sub-bands
H Number of licensed users or number of licensed bands
M Set of licensed bands, M =| M |
mh Index of the first sub-band in the hth band
S Set of sources with infinite amount of data to send
L Set of logical secondary links
Ls Set of links on the path of source s
Sl Set of sources using link l
N I

h,0 Set of nodes interfere LU h

N I
l Set of nodes interferes with cognitive link l

Lout(n) Set of outgoing links from node n
Ll
out(n

′) Set of outgoing links from node n′ interferes with link l
Lout−(n) Set of links is interfered by node n
Υl

n Interference weights in which node n interferes link l
Υh

n Interference weights in which node n interferes LU h
Pm
l Power of link l on sub-band m

γm
l SIR at link l on sub-band m

Imlk Interference power caused by link k to l on sub-band m
Ithl , Ithh Interference power threshold at link l and LU h
CPP Cost per unit of consumed power
ζcol
h Collision probability of LU h

ζbusy
h Busy probability of LU h
λl Congestion price at link l
νh Spectrum price at on band h
xs Transmission rate of cognitive source s
ql Persistence Probability of link l
qsuc
l Transmission Probability of success of link l
qidle
l Probability of ilde channel sensed by link l
Υl

n,Υ
h
n Interference weights caused by node n to link l and LU h

cl(q,P) Achievable Shannon capacity at link l

LUs h is licensed a non-overlapped sub-set of contiguous sub-
bands Mh ∈ M | ∪hMh = M. For ease of exposition, we
use the same index h to show both the hth spectrum band
and the hth LU. The availability of each spectrum band h is
characterized as a two-state ergodic Markov Chain [20] with
the idle probability πh. We also assume that πh is obtained
by CUs through a knowledge of the traffic statistics and/or the
channel sensing.

We make an assumption that time is divided into the fixed
length intervals, so-called time slots. All cognitive nodes are
synchronized and start their transmissions only at the begin-
ning of each time slot. Similar to [19], we further assume that
the cognitive nodes’ queue is infinite and sources always have
data to send. We don’t study delay due to packet buffering and
source vacation during unscheduled time slots. In our proposed
protocols, all CUs are supposed to have two transceivers, one
is used for control signalling and the other is specifically
designed to opportunistically access all licensed sub-bands
for data transmission. We further assume that each source
s ∈ S emits one flow traveling through a pre-defined set of
links, Ls ⊆ L at rate xs ∈ Xs = [xmin

s , xmax
s ] and attains

an individual utility Us(xs) [12], so-called welfare. Then, in
this paper, social welfare refers to the aggregated utility of
secondary system (i.e.,

∑
s∈S Us(xs)) and it is the first term

in the objective function of our following cross-layer MAC
optimization framework. Specifically, we focus on a slotted
random access system in which the contention resolution
among links at each time slot is performed on the basis of
transmission persistence probability ql ∈ Ql = [qmin

l , qmax
l ],

where 0 ≤ qmin
l ≤ qmax

l ≤ 1.

Similar to [15], [16], each cognitive node n with a random-

access-based contention resolution protocol transmits data
with a probability Υn, and it can not transmit or receive
simultaneously. However, it is different from [15], [16] in
which location-dependent contention among links forces all
outgoing links from one node to have the same transmit
power, our proposed protocols are performed on the ba-
sis of interference-dependent contention. Accordingly, when
cognitive node n determines to transmit, to avoid collisions
among its outgoing links (denoted by Lout(n)), it therefore
chooses link l ∈ Lout(n) with a probability ql/Υn, such that∑

l∈Lout(n)
ql = Υn ≤ 1, and transmit data on the chosen

link l at a power level per sub-band Pm
l . The chosen link

then transmits data on all spectrum bands.

To characterize interference relationship among cognitive
links in CRAHNs, we use a mixed interference model [21] in
which physical model and protocol model are reconciled to not
only decrease the computational complexity of physical model
but also fulfill the correctness of protocol model. Thereby,
the link k is supposed to cause a harmful interference to the
link l if its total interference power

∑M
m Imlk at the lth link’s

receiver is greater than the lth link’s acceptable interference
threshold Ithl , where Imlk = Gm

lkP
m
k is the kth link’s inter-

ference power per sub-band m at the lth link’s receiver. We
assume that the channel fading changes very slowly so that
the channel gain between the kth link’s transmitter and the
lth link’s receiver on band m, Gm

lk , remains constant during
time slot, but changeable over time slots. Then, we define
N I

l = ∪k �=l{Txk :
∑M

m Imlk ≥ Ithl } as the set of other nodes
whose transmissions generate a considerable interference to
the receiver of link l. For a successful transmission of link l
within a time slot, two following constraints must be satisfied:
i) Pm,min

l ≤ Pm
l ≤ Pm,max

l , ∀m and ii) no other cognitive
nodes in N I

l start their transmissions.

Owing to channel contention, in the kth link’s viewpoint,
node n with at least one outgoing link which causes inter-
ference to it forms an edge e ∈ E in a weighted node-to-
link conflict graph Gc(V , E ,W), where the vertex set V is
the set of the links and nodes and W is the set of edge
weights. It is noteworthy that in this paper the weight of the
node n-to-link k edge is the sum of persistence probabilities
of outgoing links from node n which cause interference to
link k whereas, in [15], [16], the edge weight is the sum of
persistence probabilities of all outgoing links from node n.
In addition, in this paper, our conflict graph changes with the
link transmit powers so as to obtain the balance of interference
and contention among links on the basis of offered load
regulated by sources. Fig. 2 illustrates an example under this
investigation that Ithl = 0.1×3δ/2(W), where δ is the distance
between any two neighboring nodes. To reduce collisions, the
number of edges and the edge weight that strongly depend on
the power allocation policy on each link at each node should
be designed appropriately.

Our key objective is to achieve the best net revenue that
jointly considers maximizing social welfare and minimizing
the total energy consumption for OSA-based CRAHNs. How-
ever, to stabilize the system while assuring the LUs’ QoS, the
following constraints should be held.
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Fig. 2. An example of interference-dependent contention model for wireless
ad-hoc networks.

A. Protocol Capacity Constraints

We recall that there is only one transmission in one clique
of conflict graph Gc at each time slot. From the cognitive link
l’s viewpoint, the whole channel is idle if all other contending
cognitive nodes and all pairs of LUs whose transmissions
make an adverse interference to the lth link’s reception are
silent. This channel state occurs with probability:

qidle
l =

∏
n′∈N I

l

(
1−

∑
k∈Ll

out(n
′)

qk
)× ∏

h∈N I
l,0

πh, ∀l ∈ Lout(n)

(1)

where N I
l,0 = {Txh :

∑mh+1−1
mh

Imlh,0 ≥ Ithlh } is the set
of licensed transmitters which cause harmful interference at
the lth link’s receiver and Ll

out(n
′) is the set of outgoing

links from the other node n′ which cause a considerable
interference at the lth link’s receiver. Note that we use the
special symbol “0” to denote what is related to LUs. Then, the
link l successfully transmits its data at ql if the whole channel
is idle. The probability of this event can be calculated as

qsuc
l = qidle

l × ql

=
∏

n′∈N I
l

(
1−

∑
k∈Ll

out(n
′)

qk
)× ∏

h∈N I
l,0

πh × ql, ∀l ∈ Lout(n).

(2)

For its stability at the output buffer, the lth link’s offered load
avoids overwhelming its capacity, which can be calculated
based on Shannon capacity cl(q,P l) over the additive white
Gaussian noise channels. We can express these constraints as
follows:

∑
s∈Sl

xs ≤
M∑
m

log (1 +GMCγ
m
l Pm

l )× qsuc
l︸ ︷︷ ︸

cl(q,P l)

, ∀l (3)

where Sl = {s : l ∈ Ls} is the set of sources s using link l and
γm
l =

Gm
ll

Nm
0

is channel gain-to-interference ratio (CIR) of link
l on sub-band m [21]. Nm

0 denotes the additive white noise
power at the lth link’s receiver on sub-band m. The constant

GMC denotes the processing gain; for ease of presentation we
absorb it into γm

l , henceforth.

B. Licensed User Packet Collision Constraints

At the beginning of each time slot, from the hth LU’s
viewpoint, the hth band is assumed to be busy if at least
one cognitive node starts data transmission with an adverse
interference to the hth LU’s receiver. This probability of band
state is calculated as

ζbusy
h = 1−

∏
n∈N I

h,0

(1 −
∑

l∈Lh
out(n)

ql), ∀h (4)

where N I
h,0 = ∪l{CU − Txl :

∑mh+1−1
m=mh

Imhl,0 ≥ Ithh,0} and
Lh
out(n) is the set of outgoing links from node n which cause

a considerable interference to the hth licensed link’s receiver.
The collision to the LU h occurs only when it starts data
transmission while its band is being interfered by CUs. To
guarantee the LUs’ QoS, the maximum packet collision rate
caused by the CUs’ transmissions must be below the tolerable
and preset threshold μh ≤ 1− πh:

ζcol
h = ζbusy

h × (1 − πh)

=
(
1−

∏
n∈N I

h,0

(1−
∑

l∈Lh
out(n)

ql)
)× (1− πh) ≤ μh, ∀h.

(5)

It is clear that ζcol
h only depends on the persistence probabil-

ities of those cognitive links whose total interference level to
the hth LU’s receiver exceeds a certain limit Ithh,0. Hence, given
stochastic spectrum opportunities (π,μ) with an acceptable
interference threshold Ithh,0, how to balance interference and
contention among CUs motivates an optimization control
framework in the next section.

III. OPTIMAL CROSS-LAYER COGNITIVE MAC DESIGN

A. Optimization Formulation of Cross-Layer Cognitive MAC

We augment the NUM (Network Utility Maximization)
framework [22] to include the MAC layer, the physical layer,
and the transport layer which leads to a novel cross-layer
design. Our cross-layer optimization framework is to globally
maximize the total net revenue subject to the link capacity
conservation (3) and the LUs’ QoS (5) as follows:

max
x∈X ,P∈P,q∈Q

∑
s∈S

Us(xs)− CPP
L∑

l=1

M∑
m=1

Pm
l (6)

s.t. (3), (5),

where X = {xs; s ∈ S|xmin
s ≤ xs ≤ xmax

s }, P =
{Pm

l ; ∀l,m|Pm,min
l ≤ Pm

l ≤ Pm,max
l }, Q = {Ql, l ∈ L}.

Us(xs) is assumed to be twice continuously differentiable,
non-decreasing and strictly concave in its domain. CPP is
the cost per unit of consumed power. The fairness under
our resource allocation can be characterized by a general
α-fair utility function [12]. It is noteworthy that congestion
in wireless networks is defined by a bottleneck link where
traffic load (i.e.,

∑
s∈Sl

xs) is larger than link capacity, in
terms of the attainable data rate under the given conditions
of power vector P, persistence probability ql, and spectrum
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opportunities π, which is a global function of all the persis-
tence probabilities of the interfering links Υl

n′ , ∀n′ ∈ N I
l . As

a result, our proposed cross-layer framework tightly couples
the optimization variables (x,P, q) which correspond to the
wireless protocol layers in constraints (3) and (5).

It is very important to note that the optimization problem (6)
is non-convex and inseparable. Now, let us denote χh = 1 −
μh

1−πh . By using the log change of rate variables (x̂ = logx),
taking logarithm of both sides of (3) and (5), the problem (6)
can be equivalently transformed as

max
x̂∈X̂ ,P∈P,q∈Q

∑
s∈S

Us(e
x̂s)− CPP

L∑
l=1

M∑
m=1

Pm
l s.t. (7)

log
∑
s∈Sl

ex̂s ≤ log

( M∑
m=1

log (1 + γm
l Pm

l )×
∏

h∈N I
l,0

πh

)
(8)

+ log

(
ql
∏

n′∈N I
l

(1−Υl
n′)

)
, ∀l,

logχh ≤
∑

n∈N I
h,0

log(1−Υh
n), ∀h, (9)

∑
k∈Ll

out(n)

qk = Υl
n,

∑
l∈Lh

out(n)

ql = Υh
n,

∑
l∈Lout(n)

ql = Υn ≤ 1,∀n

(10)

where Υl
n and Υh

n are interpreted as the interference weights
in which cognitive node n interferes link l and LU h, respec-
tively.

Theorem 1. The equivalent optimization problem (7) is sep-
arable and convex in (x̂,P , q)-space.

Proof: First of all, we observe that the objective of
(7) is a concave and separable function due to the strict
concavity assumption of Us(.) and that the optimization
variables in all constraints are decoupled after taking loga-
rithm. Moreover, log

∑
s∈Sl

ex̂s is convex because the log-
sum-exp function is convex [23]. Next, we need to prove
f(P ) = log

(∑M
m=1 log (1 + γm

l Pm
l )
)

is concave. We con-
sider f(P ) = log

(
g(P )

)
as a composition function, where

g(P ) =
∑M

m=1 log(1 + γm
l Pm

l ) ≥ 0. We have ∂g(P )
∂Pm

l
=

γm
l

1+γm
l Pm

l
≥ 0, ∂2g(P )

∂(Pm
l )2 = −( γm

l

1+γm
l Pm

l

)2
, and ∂2g(P )

∂Pm
l ∂P i

l

=

0, ∀m �= i. Denoting z =
γm
l

1+γm
l Pm

l
, for all v ∈ R

M we always

have vT∇2g(P )v = −∑i z
2
i v

2
i ≤ 0, which shows that g(P )

is concave and nondecreasing. Therefore, f(P ) is concave
by the composition rules [23]. The convexity of remaining
constraints finalizes this proof.

By augmenting the objective in (7) with a weighted sum of
the constraints (8) and (9), we have the partial Lagrangian:

L(x̂,P , q,λ,ν) = Lx(x̂,λ) + LP (P ,λ) + Lq(q,λ,ν)
(11)

where λ = [λ1, ..., λL] and ν = [ν1, ..., νH ] are the Lagrange
nonnegative multipliers which are interpreted as congestion

prices and spectrum prices, respectively. Lx(x̂,λ), LP (P,λ),
and Lq(q,λ,ν) are defined as

Lx(x̂,λ) �
∑
s

Us(e
x̂s)−

∑
l∈L

λl log
∑
s∈Sl

ex̂s . (12)

We refer to the problem (7) as the primal problem, then its
duality can be described as

(D) min
λ�0,ν�0

g(λ,ν) (15)

where g(λ,ν) = max
x̂,P,q

L(x̂,P , q,λ,ν) s.t. (10). (16)

B. Dual Decomposition and Optimal Solution

Since the primal problem (7) is convex [Theorem 1] and it
satisfies the Slaters conditions, the strong duality holds. This
means duality gap is zero and (7) can hence be optimally
solved via the dual problem (15). By decomposing (16) into
three subproblems which correspond to the maximization of
(12), (13), and (14), we then obtain the primal solution as
follows:

1) Rate Control Subproblem : Given the multipliers λ, each
s regulates its data rate xs such that Lx(x̂,λ) is maximized.
Let λs

.
=
∑

l∈Ls

λl∑
ś∈Sl

xś
, the optimal rate can be found by

using a gradient-ascent method [24] with a sufficiently small
step size κt ≥ 0:

x(t+1)
s =

[
x(t)
s + κt

(
U

′
s(x

(t)
s )− λ(t)

s

)]X
(17)

where U
′
s(.) is the first derivative of utility and [x]X is the

projection of x onto the set X .
2) Power Control Subproblem: Given λl, the link l alter-

natively adjusts its transmit power Pm
l on each sub-band to

maximize LP (P ,λ) via the following iterative algorithm.

P
m,(t+1)
l =

[
P

m,(t)
l + κt

(
λ
(t)
l Θ

m,(t)
l − CPP

)]P
(18)

where Θ
m,(t)
l =

γm
l

(1+γm
l P

m,(t)
l )

∑
M
m=1 log(1+γm

l P
m,(t)
l )

.

Proof: Since LP (P ,λ) is strictly concave in P , its
first-order derivative with respect to Pm

l is ∂LP (P ,λ)
∂Pm

l
=

λlγ
m
l

1+γm
l Pm

l

1∑M
m=1 log(1+γm

l Pm
l )

− CPP. Then, we adopt the pro-
jected gradient-ascent method [24] with a step size κt ≥ 0 for
the link power updates on each sub-band.

3) Medium Access Control Subproblem: We change the
indices in the sums by using the following facts:

1.
∑

l λl =
∑

n

∑
l∈Lout(n)

λl.

2.
∑

l λl

∑
n′∈N I

l
log (1−∑k∈Ll

out(n
′) qk)

=
∑

n

∑
k∈Lout− (n) λk log (1−

∑
l∈Lk

out(n)
ql),

where Lout−(n) = {k �= l :
∑

m Imkl ≥ Ithk , ∀l ∈ Ln
out} is the

set of links whose receptions are affected by the interference
from the transmission of node n, excluding the outgoing links
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LP (P ,λ) �
L∑

l=1

λl log

( M∑
m=1

log (1 + γm
l Pm

l )×
∏

h∈N I
l,0

πh

)
− CPP

L∑
l=1

M∑
m=1

Pm
l . (13)

Lq(q,λ,ν) �
L∑

l=1

λl log

(
ql
∏

n′∈N I
l

(1−Υl
n′)

)
+

H∑
h=1

νh

( ∑
n∈N I

h,0

log(1−Υh
n)− log χh

)
. (14)

from node n. Then, we rewrite Lq(q,λ,ν) in (14) as

Lq(q,λ,ν) =

N∑
n=1

∑
l∈Lout(n)

λl log ql

+
∑

n∈N I
h,0

H∑
h=1

νh log(1−Υh
n)−

H∑
h=1

νh logχm

+
N∑

n=1

∑
k∈Lout− (n)

λk log (1−Υk
n) .

(19)

Given (λ,ν), the medium access control subproblem in (16),

max
q∈Q

Lq(q,λ,ν) s.t. (10), (20)

can obtain its optimal solution thanks to the Karush-Kuhn-
Tucker (KKT) conditions [24]:

q
(t+1)
l =

[
λ
(t)
l∑

k∈Lout− (n)
λ
(t)
k

1−Υ
k,(t)
n

+
∑H

h
ah
nν

h,(t)

1−Υ
h,(t)
n

]Q
,

∀l ∈ Lout(n) (21)

where

ahn =

{
1, if n ∈ N I

h,0,

0, otherwise.

is a binary function which indicates whether cognitive node n
interferes with LU h or not.

Proof: Since Lq(q,λ,ν) is strictly concave in q, its
first-order derivative with respect to ql is: ∂Lq(q,λ,ν)

∂ql
=

λl

ql
−∑H

h=1
ah
nν

h

1−Υh
n
−∑k∈Lout− (n)

λk

1−Υk
n

. By letting the above
derivative equals zero, solving the resultant equation, we
obtain (21).

It can be observed from (21) that congestion control, power
control, and medium access control have a mutual relationship,
where congestion control (17) regulates source rates to avoid
overwhelming the attainable link capacity which depends on
the success probability of channel access qsuc

l and allocated
power as shown in Fig. 3. In fact, a change in source rates will
in turn affect the spending decisions of power and persistence
probability at cognitive links through congestion prices λl.
Furthermore, any increase/decrease in the set of interfering
nodes N I

l or the interference weights (i.e., Υk
n and Υh

n) due to
the increasing/decreasing power level of outgoing links from
node n will force their channel access probabilities to de-
crease/increase accordingly. And any increase/decrease in one
cognitive node’s persistence probability also changes the other
contending nodes’ behavior. Hence, the source rate regulation
(17) associated with the sufficient power policy (18) and the

optimal channel access strategy (21) is essentially driven by
CUs to yield a good balance of interference, contention and
congestion.

C. Optimal Cross-Layer Cognitive MAC Protocol (OCC-
MAC)

In this section, we describe the OCC-MAC protocol (see
Algorithm 1) in which the congestion subproblem is handled
by cognitive sources via Cognitive Source Algorithm that can
realize the TCP congestion control mechanism in a fully dis-
tributed manner. Specifically, each cognitive source s locally
regulates its rate (17) based on the feedback of the aggregate
congestion price λs

.
=
∑

l∈Ls

λl∑
ś∈Sl

xś
from the intermediate

cognitive nodes along its route from destination while cog-
nitive link adjusts its transmission power and probability on
the basis of control information exchange. We further assume
that one of cognitive radios at each CU is set to the common
control channel (CCC) for signaling.
Note that the updates λ

(t+1)
l and νh,(t+1) are obtained by

the dual solution using the projected gradient-descent method
[24]. The algorithm will stop whenever the convergence crite-
rion max ‖q∗(t)−q∗(t−1)‖ ≤ ε, where ε is the error tolerance,
is reached. For the sake of convenience, we use the same step-
size kt for all updates without loss of generality, henceforth.

Theorem 2. For any initial source rate x(0) ∈ X , link power
P (0) ∈ P , persistence probability q(0) ∈ Q, and shadow
prices (λ(0), ν(0)) � 0, the sequence of primal-dual variables
generated by Algorithm 1 converges to the global optimum of
the original problem (6) provided that the step sizes κt satisfy

κt ≥ 0,
∞∑
t=0

κt = ∞,
∞∑
t=0

(κt)
2 < ∞. (24)

Proof: It is straightforward that the equivalent problem
(7) is convex [Theorem 1]. Hence, with any initial values of
primal and dual variables in their feasible domain, Algorithm
1 converges to the global optimum with sufficiently small step
sizes κt satisfying (24) [24].

Remarks: It is important to note that OCC-MAC requires
only the explicit message passing of (q

(t)
l ;λ

(t)
l ; Υ

h,(t)
n , ∀h)

between the cognitive links which make an considerable inter-
ference to each other and LUs for the power and persistence
probability allocations on the CCC. Hence, the number of
explicit message passing required in OCC-MAC depends on
both network topology and transmit power at each cognitive
link. However, we assume that each cognitive node will
broadcast only one control message containing the fields of
(q

(t)
l ;λ

(t)
l ; Υ

h,(t)
n , ∀h) for all outgoing cognitive links from

it on the CCC at each iteration. As a result, the maximum
number of control overheads at each iteration is N .
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Fig. 3. Cross-layer design for congestion control, contention control, and power control in CRAHNs.

Algorithm 1: Optimal Cross-Layer Cognitive MAC Protocol
(OCC-MAC)

Sources and links initialize x(0),P (0), q(0),λ(0),ν(0). At time t:
Cognitive Source Algorithm: For each source s ∈ S :
1: Receive the total price that accumulates the intermediate links’

congestion prices per sum ingress rate λ
(t)
l /

∑
ś∈Sl

x
(t)
ś along its

path through a feedback message from its destination.
2: Update rate x

(t+1)
s using (17) with λ

(t)
s .

Cognitive Link Algorithm: For each link l ∈ Lout(n);n ∈ N :

1: Broadcast a message with (q
(t)
l ;λ

(t)
l ; Υ

h,(t)
n ,∀h) on CCC.

2: Calculate its powers P
m,(t+1)
l ,∀m ∈ M using (18).

3: Update Lout−(n), ah
n, and N I

h,0, ∀h by a private graph Gc
n.

4: Calculate its interference weights Υ
k,(t)
n ,∀k ∈ Lout−(n) and

Υ
h,(t)
n ,∀h.

5: Receive congestion prices λ
(t)
k , k ∈ Lout−(n) and interference

weights Υh,(t)
n′ ,∀h. Update its persistence probability q

(t+1)
l using

(21).
6: Receive q

(t)
k , k ∈ Ll

out(n
′),∀n′ ∈ N I

l , calculate cl(q
(t),P(t))

using (3).
7: Get ingress rate

∑
s∈Sl

x
(t)
s from input queue, then update its

congestion price:

λ
(t+1)
l =

[
λ
(t)
l + κt log

(∑
s∈Sl

x(t)
s /cl(q

(t),P(t))

)]
R
+

. (22)

8: Update its spectrum price:

νh,(t+1) =

[
νh,(t) + κt

(
log χh −

∑
n∈N I

h,0

log(1−Υh,(t)
n )

)]R+

.

(23)

IV. HEURISTIC CROSS-LAYER COGNITIVE MAC SCHEME

(HCC-MAC)

In OCC-MAC, the link’s transmit power and persistence
probability are jointly adjusted on the basis of ingress rate
regulated by sources to maximize the total net revenue of the
secondary system while keeping the LU collision probability
below a tolerable threshold. Despite its optimality’s attraction,
the overhead congestion and unsuccessful reception of control
messages on the CCC may be a key bottleneck to deploy

OCC-MAC in practice. Using a heuristic solution [19] to cope
with these difficulties might seem desirable. In this section,
we propose another distributed scheme, HCC-MAC which
would perform local measurements for estimating the success
probability qsuc

l and the collision probability ζcol
h of the LU h

to omit message passing in an implementation of OCC-MAC
at the expense of optimality.

It is different from OCC-MAC that, in HCC-MAC, since
CUs do not use their cognitive radio to exchange control
information, one of their cognitive radios is dedicated to
overhear ongoing communications (idle, collision, or success)
within each band. Here, we reuse the optimal solution of
rate control and power control subproblems as discussed in
Section III to solve (6). However, the medium access control
subproblem is solved in the following heuristic fashion.

A. Heuristic Medium Access Control Solution

We assume that at the beginning of each time slot the lth
link’s ingress rate

∑
s∈Sl

xs and power Pm
l , ∀m given by

(17) and (18) are fixed. Then, ql must be controlled in such
a way that its capacity can meet the ingress rate demand.
Accordingly, the constraints in (3) are re-expressed:

ql ×
∏

n′∈N I
l

(1−Υl
n′) ≥

∑
s∈Sl

xs∑M
m log(1 + γm

l Pm
l )×∏h∈NI

l,0
πh

,

∀l ∈ Lout(n).
(25)

In this regard, the right-hand side of (25) is considered
constant. Therefore, the medium access control subproblem
given by (16),

max
q∈Q

⎧⎨
⎩

L∑
l=1

λl log

(
ql ×

∏
n′∈N I

l

(1 −Υl
n′)

)

+
H∑

h=1

νh
( ∑

n∈N I
h,0

log(1−Υh
n)− logχh

)⎫⎬
⎭ s.t. (10),
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can be approximately rewritten as follows:

max
q∈Q

H∑
h=1

νh
∑

n∈N I
h,0

log(1−Υh
n) s.t. (10), (25). (26)

Then we can reform (26) as:

max
q∈Q

H∑
h=1

νh
∑

n∈N I
h,0

log(1−
∑

l∈Lh
out(n)

ql) s.t. (25). (27)

Under observing from (25), the problem (27) states that how
to seek q for minimizing the LUs’ collision probability while
balancing the bandwidth supply and rate demand at each
cognitive link. Now let us take the log change of persistence
variables (i.e., q̂ = logq 
 0) and the logarithm both sides
of (25), we then obtain an equivalent problem of (27):

max
q̂∈Q̂

Ψ(q̂) �
H∑
h

νh
∑

n∈N I
h,0

log

(
1−

∑
l∈Lh

out(n)

eq̂l
)

(28)

s.t. q̂l ≥ Φl(q̂), ∀l, (29)

where Φl(q̂) � log

( ∑
s∈Sl

xs

M∑

m
log(1+γm

l Pm
l )×∏

h∈NI
l,0

πh

)
−

∑
n′∈N I

l
log
(
1−∑k∈Ll

out(n
′) e

q̂k
)
.

Proposition 1. Given (x,P ,ν), the approximate MAC sub-
problem (28) is convex.

Proof: See Appendix A.
Since (28) is convex, its optimal solution can be found via

the following iterative algorithm modifying gradient-descent
method [24] after transforming back to q-space as follows:

q
(t+1)
l =

[
q
(t)
l + κt

(
∂Ψ(q(t))

∂ql

1

q
(t)
l

+Φl(q(t))

)]Ql

, ∀l ∈ L.
(30)

Proposition 2. Given a triple of fixed variables (x,P ,ν), the
medium access control algorithm (30) solving the subproblem
(28) converges to the unique optimum.

Proof: We use two following facts:

1) ∂Ψ(q̂)
∂q̂l

= −∑H
h

ah
nν

heq̂l

1−∑
l∈Lh

out(n)
eq̂l

≤ 0.

2) Φl(q̂) satisfies:

a) Negativity: Φl(q̂) < 0.
b) Scalability: δΦl(q̂) < Φl(δq̂), ∀δ > 1.
c) Monotonicity: Φl(q̂) < Φl(q̂

′), ∀q̂ > q̂′.
to approve the following inequality:

∂Ψ(q̂(t))

∂q̂l
+Φl(q̂

(t)) ≤ 0, ∀l ∈ L. (31)

Also, using the facts that ∂Ψ(q̂)
∂q̂l

= 1
ql

∂Ψ(q)
∂ql

and ql = eq̂l , we
then equivalently transform (31) into

∂Ψ(q(t))

∂ql

1

q
(t)
l

+Φl(q(t)) ≤ 0, ∀l ∈ L. (32)

We assume that the step size κt satisfies (24). As a result,
the sequence of q

(t)
l in (30) is monotonically decreasing. On

the other hand, this sequence is lower-bounded by qmin
l the

medium access control algorithm (30) always converges to the
unique optimum q∗.

B. Estimation of LU Collision Probability and Idle Channel
Probability

Since link l knows the idle probabilities of LUs, it can
locally estimate its idle channel probability qidle

l and/or success
probability qsuc

l through the statistics of channel contention
observation. It is straightforward that the number of time slots
in which link l experiences to obtain a successful transmission
is an independent, identically distributed (i.i.d.) geometric
random variable, denoted by ξl ∼ Geo(qsuc

l ). Link l can
estimate qsuc

l by observing its success events over a time
window T (time slots). We assume that there exist K bursts
of successive failures during T . Let bk denote the number of
successive failures of the kth burst, link l then can calculate
the mean number of successive failures preceding a success
during T . In this regard, the noisy estimation of qsuc

l is given
by using maximum log-likelihood (ML) estimation:

q̌suc
l =

∑K
k=1 bk

K +
∑K

k=1 bk
. (33)

Proof: The likelihood and log-likelihood of the
geometric distribution can be written as Λ(q̌suc

l ) =∏K
k=1 Pr(ξl = bk|q̌suc

l ) =
∏K

k=1(1 − q̌suc
l )
(
q̌suc
l

)bk =

(1 − q̌suc
l )K

(
q̌suc
l

)∑K
k=1 bk and ln Λ(q̌suc

l ) = K ln(1 −
q̌suc
l ) +

∑K
k=1 bk ln q̌

suc
l . By setting the first derivative of log-

likelihood with respect to q̌suc
l to zero and solving the resultant

equation, we obtain (33).
Similarly, CUs can also estimate the collision probability of

each pair of LUs by overhearing RTS collisions taken place
over each band. Let NT

h denote the number of collisions of the
hth LU observed at one CU during T and Rh denote the hth
LU’s packet rate during T . Then, the noisy estimation of the
hth LU collision probability can be calculated as [19, Eq.27]:

ζ̌col
h =

{
1/(Rh × T ), if NT

h = 0,
NT

h /(Rh × T ), otherwise.
(34)

C. Heuristic Cross-Layer Cognitive MAC Protocol (HCC-
MAC)

Our aforementioned novel solution of the medium access
control subproblem motivates a heuristic power control MAC
protocol which can be deployed in a decentralized fashion as
described in Algorithm 2. In HCC-MAC, the cognitive links
perform local measurements for estimating their success prob-
abilities q̌

suc,(t)
l and the LU collision probabilities ζ̌

col,(t)
h to

update the transmission parameters without message passing.

Theorem 3. For κt satisfying (24), x(0) ∈ X , P (0) ∈ P ,
q(0) ∈ Q, and (λ(0),ν(0)) � 0, Algorithm 2 converges to
an equilibrium which has a negligible gap compared to the
global optimum of the original problem (6).

Proof: See Appendix B.
Remarks: Our cross-layer cognitive MAC protocols oper-

ate in a distributed fashion and adopt a slotted p-persistent
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Algorithm 2: Heuristic Cross-Layer Cognitive MAC Protocol
(HCC-MAC)

Sources and links initialize x(0),P (0), q(0),λ(0),ν(0). At time t:
Cognitive Source Algorithm: Source rate updates as (17) in OCC-
MAC.
Cognitive Link Algorithm: For each link l ∈ Lout(n);n ∈ N .

1: Update power P
(t+1)
l using (18).

2: Calculate c̃l(q
(t), P

(t)
l ) using (3) with ML estimation q̌

suc,(t)
l :

c̃l(q
(t), P

(t)
l ) =

M∑
m

log (1 + γm
l P

m,(t)
l )× q̌

suc,(t)
l . (35)

3: Get
∑

s∈Sl
x
(t)
s from input queue. Update the interference weights

to LUs: Υh,(t)
n =

∑
l∈Lh

out(n) q
(t)
l ,∀h.

4: Update persistence probability q
(t+1)
l using our proposed algo-

rithm (30) as follows:

q
(t+1)
l =[
q
(t)
l + κt

(
log

(∑
s∈Sl

x
(t)
s q

(t)
l

c̃l(q(t), P
(t)
l )

)
−

H∑
h

a
h,(t)
n νh,(t)

1−Υ
h,(t)
n

)]Ql

.

(36)

5: Update congestion prices using (22) with c̃l(q
(t), P

(t)
l ) given in

(35).

λ
(t+1)
l =

[
λ
(t)
l + κt log

(∑
s∈Sl

x(t)
s /c̃l(q

(t), P
(t)
l )

)]R+

. (37)

6: Update spectrum price using (23) with ζ̌
col,(t)
m as follows:

νh,(t+1) =

[
νh,(t) + κt

(
logχh − log

(
1− ζ̌

col,(t)
h /(1 − πh)

))]R+

.

(38)

CSMA (Carrier Sensing Multiple Access) algorithm where all
control messages are exchanged through the CCC. Though our
proposed protocols only need loose synchronization and the
communications among neighboring nodes on the CCC can
facilitate this, we assume a perfect synchronization. Consid-
eration of imperfect synchronization is left for future works.
Furthermore, almost current contention-based MAC protocols
in traditional wireless networks work well with bi-directional
links. However, to achieve more efficient channel utilization
we investigate the interference-based contention resolution
where we have explicitly captured wireless interference among
transmitting links in making scheduling decisions. Hence,
simultaneous transmissions on scheduled unidirectional links
would be successful. This would essentially remove the need
of having a feedback link for reporting an ACK (Acknowl-
edgment) message.

V. PERFORMANCE EVALUATIONS

To evaluate OCC-MAC and HCC-MAC, we have developed
two separate Monte Carlo simulators which model the interac-
tion of three protocol layers as described in this paper through
a simplified CRAHN as Fig. 1. Without loss of generality, we
assume the system has 3 frequency bands which are licensed
to 3 corresponding pairs of LUs, each band with bandwidth
of 20MHz comprises 16 orthogonal sub-bands. Each CU with

Pm
l ∈ [−10, 20]dBm and ql ∈ [0.01, 0.9] opportunistically

accesses all 3 licensed bands characterized by an ON/OFF
Markov Chain with the idle probabilities as π1 = 60%,
π2 = 80%, and π3 = 55%. The minimum data rate for
each source is assumed to be 200bps while the maximum
rate is dynamically updated to the achievable link capacity at
each time slot. The tolerable collision probabilities of licensed
bands are μ1 = 15%, μ2 = 8%, and μ3 = 6%. We choose
GMC = −1.5/ log(5BER), for all l where target bit error
rate BER= 10−5. We further assume that the power spectral
density of white noise is −174dBm/Hz at both CU and LU
receivers, the path loss exponent is 4, and δ = 1m. For a
proportional fair allocation, we choose Us(xs) = log xs as
source’s utility function (i.e., α = 1) for all CUs. The same
step-size kt = 10−3/t is chosen for both proposed protocols
and the error tolerance ε = 10−5. In all experiments, we
assume sources and links are time-synchronized and always
have up-to-date information to perform the deterministic com-
putations on the optimization parameters.

A. Efficiency and Fairness of Proposed Algorithms

Here, we validate the efficiency and optimality of our
proposed algorithms (i.e., OCC-MAC and HCC-MAC) against
the Fixed-Power Cognitive MAC (FPC-MAC) scheme where
we integrate the MAC protocols [15], [16] into our CRAHN
scenario with fixed power on each link per sub-band at
Pm,max
l . Then, we then vary the value of Pm,max

l to show
the negative effect of no power control in FPC-MAC. In
this regard, we show the FPC-MAC’s performance at the
different fixed powers (i.e., Pm

l ≤ Pm,max
l ) to compare with

our proposed MAC protocols. It is noteworthy that FPC-
MAC is the optimal solution of the cross-layer cognitive
MAC problem (6) where no power control is considered and
the contention relation is location-dependent. Specifically, in
FPC-MAC, the collision caused by CUs to the LU’s receiver
only depends on the predefined distance between the former’s
transmitter to the latter’s receivers. This threshold is derived
from the interference threshold setting for LUs in both OCC-
MAC protocol and HCC-MAC protocol. Furthermore, in this
experiment, for ease of exposition, we also assume that the
whole channel experiences the Rayleigh flat fading where the
channel gains on all subbands of any band are the same.
Therefore, the powers at each link per sub-band within a band
are allocated at the same level, however, they may be different
over the different bands.

Fig. 4 shows the comparison of efficiency-fairness tradeoff
across OCC-MAC, HCC-MAC, and FPC-MAC versus the
minimum tolerable interference power, Ithl , at Pm,max

l =
75mW . In fact, OCC-MAC and HCC-MAC’s social welfares
globally converge to the fixed optimal points with a negligible
gap and they outperform FPC-MAC for all values of Ithl .
This is achieved because our proposed protocols balance the
interference level and the contention level among cognitive
links to best-utilize spectrum opportunities in a unified opti-
mization framework whereas FPC-MAC’s fixed interference
levels at each links make its location-dependent contention
resolution passive. We also observe that the smaller the links’
interference power budgets are, the bigger the optimality
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TABLE I
PERFORMANCE COMPARISON OF PROTOCOLS VERSUS CPP† AT Pm,max

l = 50mW

Protocols
SocialWelfare (CPP) TEC∗ (CPP) NetRevenue (CPP)

CPP = 2 CPP = 3 CPP = 4 CPP = 2 CPP = 3 CPP = 4 CPP = 2 CPP = 3 CPP = 4
OCC-MAC 68.95 68.89 68.87 8.17W 6.80W 5.59W 52.61 48.49 46.51
HCC-MAC 68.89 68.85 68.78 8.32W 6.97W 5.75W 52.25 47.94 45.78
FPC-MAC 68.22 68.22 68.22 9.60W 9.60W 9.60W 49.02 39.42 29.82
∗ Total Energy Consumption (W); † Cost Per unit of consumed Power (1/W)

TABLE II
PERFORMANCE COMPARISON OF PROTOCOLS VERSUS Pm,max

l AT CPP† = 5

Protocols
SocialWelfare (Pm,max

l ) TEC∗ (Pm,max
l ) NetRevenue (Pm,max

l )
7mW 40mW 100mW 7mW 40mW 100mW 7mW 40mW 100mW

OCC-MAC 68.71 68.84 68.91 1.12W 5.00W 5.98W 63.11 43.84 39.01
HCC-MAC 68.67 68.75 68.83 1.15W 5.30W 6.32W 62.92 42.25 37.23
FPC-MAC 68.56 68.20 67.03 1.20W 7.20W 21.60W 62.56 32.20 −40.97
∗ Total Energy Consumption (W); † Cost Per unit of consumed Power (1/W)

Fig. 4. Efficiency-fairness tradeoff versus Ithl .

gap between our proposed protocols’ and FPC-MAC’s social
welfare. This is because, in the small interference power
budget region, in FPC-MAC, almost cognitive nodes make an
adverse interference to each other and hence its performance
is significantly worse.

In Table I, we compare the performance of our proposed
protocols with FPC-MAC in terms of net revenue versus the
different values of CPP. First of all, we can see that the
achievable social welfare of FPC-MAC is the lowest but the
total energy consumption is the highest in almost all cases. As
a consequence, FPC-MAC’s net revenue is becoming much
worse when CPP inflicted on each unit of consumed power is
increasing. In economic aspects, the power resource wastage
leads an inefficiency of FPC-MAC. Next, it is straightforward
that the higher CPP will force the link power per sub-band
to decrease proportionally as pointed out in (18). As a result,
in both OCC-MAC and HCC-MAC, the link’s reduced total
energy consumption due to the increase in CPP forces its
congestion price to become higher such that sources must
proportionally decrease their rates according to (17). However,
the increase in CPP slightly decrease the net revenues of

Fig. 5. Saturation effect of social welfare and total energy consumption vs.
Pm,max
l .

both OCC-MAC and HCC-MAC whereas the FPC-MAC’s net
revenue is decreased dramatically.

To evaluate fairness, we use Jain’s fairness index f(c) =
(
∑L

l=1 cl)
2/(L × ∑L

l=1 c
2
l ) [25] where cl is the lth link’s

attainable data rate. Again, it is observed from Fig. 4 that
all interference-dependent contention-based MAC protocols
consistently achieve higher fairness as Ithl increases (i.e.,
interference constraints are less stringent). Moreover, results
from Fig. 4 and 5 also show the efficiency-fairness tradeoff
that the resource allocation among links in FPC-MAC is fairer
than that in both OCC-MAC and HCC-MAC at much lower
efficiency.

B. Effect of Power Control on Contention-based MAC Pro-
tocols’ Performance

In this section, we observe the effect of power control
on the contention-based MAC protocols’ performance under
OSA approach. By tracking the set of other cognitive nodes
whose transmissions cause a considerable interference to one
cognitive link l and the PU receiver h (i.e., N I

l and N I
h,0)
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(a) (b)

Fig. 6. (a) Trajectories of CU persistence probabilities and LU tolerable collision probabilities at Ithl = 10dBm. (b) Measured link capacity with slowly
converging offered load of OCC-MAC and HCC-MAC at Ithl = 10dBm.

while increasing Pm,max
l at CPP = 4 and Ithl = 10dBm for

our proposed MAC protocols, we identify the different regions
of Pm,max

l as follows: i) power-limited region in which these
sets are almost unchanged for a very low range of Pm,max

l

and hence social welfare depends only on the optimal power
allocation at each cognitive link, ii) power&contention-limited
region in which these sets become larger for a successive
range of Pm,max

l and the social welfare depends not only on
the optimal transmit power allocation at each cognitive link
but also on the optimal contention resolution among cognitive
links, and iii) contention-limited region in which these sets
are unchanged at some cognitive links for a very high range
of Pm,max

l because the power is reallocated on the basis
of increasing power budget at some cognitive link but the
total power consumption is maintained thanks to the balancing
strategy between capacity supply and rate demand. Hence
the social welfare depends only on the optimal contention
resolution among cognitive links.

Fig. 5 depicts the comparative performance in terms of
social welfare and total energy consumption as Pm,max

l in-
creases. The social welfare of both OCC-MAC and HCC-
MAC is significantly improved with a higher power budget
and getting saturated as Pm,max

l is greater than a certain
threshold, 48mW. We also observe that for a very low Pm,max

l

(i.e., power-limited regime), the FPC-MAC’s social welfare is
slightly worse, but an further increase in Pm,max

l (i.e., power
& contention-limited regime) provides a great opportunity for
our proposed protocols to dramatically outperform FPC-MAC.
The key reason is that cognitive links in OCC-MAC and HCC-
MAC jointly adjust their powers and probabilities to balance
between interference and contention. More specifically, for
a very high Pm,max

l (i.e., contention-limited regime), the
FPC-MAC’s social welfare seriously degrades whereas our
proposed protocols are moving towards stable state of lower
potential energy. This is because, in both OCC-MAC and

HCC-MAC, any further increases in power which force the
interference weights and the number of interference edges
for a cognitive link to increase, the balance policy between
capacity supply and rate demand guides the link powers to
stability region while FPC-MAC with no power control can
cause an unchangeable and considerable harmful interference
among links, then the channel contention becomes heavily
dense. Consequently, the capacities of interfered links are dra-
matically reduced because of much more inflicted contention
as shown in (3). We can clearly see this from observing
Fig. 5 that FPC-MAC consumes a huge amount of energy and
degrades as the link powers are in contention-limited regime.

To further observe the benefits of OCC-MAC and HCC-
MAC over FPC-MAC, let us consider the net revenue at a
fixed CPP. Table II shows the comparative performance of
protocols for three different values of Pm,max

l at CPP= 5. At
Pm,max
l = 7mW , their performance gap is almost negligible.

However, their performance gap gradually becomes bigger
at Pm,max

l = 40mW . When Pm,max
l falls into contention-

limited regime (i.e., Pm,max
l = 100mW ), the FPC-MAC’s net

revenue becomes negative. However, the equilibrium solution
HCC-MAC still achieves a good performance compared with
OCC-MAC.

C. Cross-Layer Adaptive Control for Stochastic Spectrum
Opportunities

In this section, let us turn our attention on how CUs
can opportunistically exploit spectrum holes for stochastic
configuration settings through our proposed approach. It is
observed from Fig. 6a that the cognitive links in our proposals
(i.e., OCC-MAC and HCC-MAC) can optimally adjust their
persistence probabilities in such a way that their achievable
capacities can meet the total ingress rate. The convergence
curves of persistence probabilities in Fig. 6a also show that in
HCC-MAC the links’ behavior for the persistence probability
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Fig. 7. Optimal powers at Ithl = 10dBm.

Fig. 8. Convergence of congestion price and source rate at Ithl = 10dBm.

adjustment is totally different from these in OCC-MAC. This
is because the links in HCC-MAC control their access channel
probabilities on the direct balance basis of total ingress rate
and instant protocol capacity provided that they must satisfy
the LU collision constraints. Hence, the convergence curves of
persistence probabilities have the same tendency to increase.
In contrary, in OCC-MAC, the links must regulate their
persistence probabilities on the basis of the law of diminishing
returns via pricing strategy. As a result, in OCC-MAC, the
behavior of one link in the persistence probability adjustment
may be different from those of the other links.

To visualize the optimal behaviors of both OCC-MAC
and HCC-MAC, in Fig. 6b we illustrate the balance process
between demand (i.e., sum ingress rate) and supply (i.e., at-
tainable link capacity) for congestion control at each cognitive
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Fig. 9. Social welfare of OCC-MAC versus the LU1’s idle probability π1

versus the LU1’s tolerable collision probability μ1 while fixing the other LUs’
spectrum opportunities.

link. In OCC-MAC, at each link, the convergence curves of
sum ingress rate and link capacity are totally different. This
is because the sources and links alternatively control their
parameters in an independent and distributed manner via the
feedback of prices, leading a globally optimal point. However,
in HCC-MAC, the link capacity follows asymptotically the
measured offered load. Such a way of adaptive control may
take HCC-MAC a longer time to converge to the equilibrium
point with no control overhead.

As can clearly seen from Fig. 7, for an interference balance
among links and spectrum best-utilization, the 1st link’s op-
timal powers are the highest whereas the 4th link’s powers
are the lowest. This is because the spectrum opportunities
at the 1st link are the most potential and its interference
effect to the other links is the lowest. In addition, the 1st
link needs to carry a large amount of data from sources 1
and 2. Similarly, for congestion balance in a proportional-fair
fashion, source 1 (i.e., x1) can potentially achieve the highest
data rate while source 2’s rate (i.e., x2) is the lowest. This
is because source 2 traverses the most number of hops (i.e.,
links 1, 2, and 3) in which the bottleneck links 2 and 3 have
the smallest spectrum opportunities, the largest interference
effect on the other links. As can be shown in Fig. 8, thanks to
the link’s pricing strategy through the balance between sum
ingress rate and attainable link capacity which totally depends
on the balance of interference and contention among links
(see Fig. 6a for the contention balance and Fig. 7 for the
interference balance), sources regulates their rates on the basis
of congestion prices and converge to the optimal values.

Fig. 6a also shows that the LUs’ collision probabilities of
both OCC-MAC and HCC-MAC converge to the correspond-
ing target thresholds μ1 = 15%, μ2 = 8%, and μ3 = 6%. In
this observation, we confirm that OCC-MAC and HCC-MAC
can optimally utilize the spectrum holes left by LUs even
in LUs’ presence without degrading primary system’s QoS
if LUs can slightly tolerate their specific levels of collision
and suffer from a certain interference. In fact, it is interesting
to find from Fig. 9 that the cognitive sources and cognitive
links in our cross-layer MAC protocols can adaptively control
their parameters to get more social welfare when the stochastic
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spectrum opportunities (π,μ) are further relaxed.

VI. CONCLUSION

In this paper, a cross-layer MAC framework for contention-
based multi-hop CRAHNs is proposed. We specifically con-
sider the co-existence of both licensed and unlicensed users
under the collision-rate-constrained stochastic spectrum oppor-
tunities. We show that our cross-layer MAC protocols which
perform the interference-dependent contention resolution sig-
nificantly outperform those existing MAC protocols. More-
over, our proposed MAC protocols can achieve the best energy
efficiency and the optimal social welfare by balancing three
barriers of congestion, interference, and contention among
links and sources over all dynamic spectrum bands. They
treat all CUs in an α-fairness manner via a pricing strategy.
Importantly, we provide the trade-off between efficiency in net
revenue and scalability in implementation through OCC-MAC
and HCC-MAC.

APPENDIX A
PROOF OF PROPOSITION 1

We first prove that h(q̂) = log
(
1 −∑l∈Lout(n)

eq̂l
)

is a
concave function. In this regard, we need to prove that the
first derivative ∂h(x)

∂xi
≥ 0, ∀i for the decreasing property and

the Hessian matrix ∇2h(x) is a negative semi-definite matrix
for concavity. We have the following derivatives ∀l �= k:
∂h(q̂)
∂q̂l

= −eq̂l

1−∑
l e

q̂l
, ∂2h(q̂)

∂q̂2
l

= − e2q̂l

(1−∑
l e

q̂l)
2 − eq̂l

1−∑
l e

q̂l
, and

∂2h(q̂)
∂q̂l∂q̂k

= − eq̂l+q̂k

(1−∑
l e

q̂l)
2 . Let us denote zi = −∂h(q̂)

∂q̂l
=

eq̂l

1−∑
l e

q̂l
≥ 0, ∀i ∈ [1, 2, ..., |Ln

out|], the Hessian matrix

∇2h(q̂) can be shown as follows:

∇2h(q̂) =

⎛
⎜⎝ −z21 − z1 −z1z2 . . .

−z2z1 −z22 − z2 . . .
...

...
. . .

⎞
⎟⎠ .

For all v that has the same dimension as q̂, we have

vT∇2h(q̂)v = −
∑
i

ziv
2
i −
(∑

i

zivi

)2

≤ 0.

Hence, ∇2h(q̂) is a negative semi-definite matrix. Similarly,
the constraints in (29) are convex in q̂-space. This completes
the proof.

APPENDIX B
PROOF OF THEOREM 3

Proof: As proved in Algorithm 1, the rate updates (17),
the power updates (18) optimally solve the rate control and
power control subproblems in (16). Moreover, the MAC
algorithm (30) solving the approximate MAC subproblem
(28) always converges to the unique optimum [Proposition
2]. Hence, Algorithm 2 totally solves the original problem (6)
and converge to the fixed point. Now, we use the stochastic
Lyapunov function method to prove the optimality property of
HCC-MAC. For the dual problem D(λ,ν) in (15), we estab-
lish the Lyapunov function V (λ,ν) = ‖λ−λ∗‖22+‖ν−ν∗‖22,
where (λ∗,ν∗) is the dual optimum. By using congestion

prices and spectrum prices in both OCC-MAC and HCC-
MAC, we have

‖λ(t+1) − λ∗‖22 = ‖λ(t) − κtZ
(t) − λ∗‖22

≤ ‖λ(t) − λ∗‖22 − 2κt[λ
(t) − λ∗]TZ(t) + κ2

t‖Z(t)‖22;

‖ν(t+1) − ν∗‖22 = ‖ν(t) − κtQ
(t) − ν∗‖22

≤ ‖ν(t) − ν∗‖22 − 2κt[ν
(t) − ν∗]TQ(t) + κ2

t‖Q(t)‖22
where

1) OCC-MAC: Z
(t)
OCC = log(cl(q

(t), P
(t)
l )/

∑
s∈Sl

x
(t)
s );

Q
(t)
OCC =

∑
n∈N I

0,m

log(1−Υ
(t)
n )− logχm.

2) HCC-MAC: Z
(t)
HCC = log(c̃l(q

(t), P
(t)
l )/

∑
s∈Sl

x
(t)
s );

Q
(t)
HCC = log

(
1− ζ̌

col,(t)
m /(1− πm)

)− logχm.

We obtain the following bound for Lyapunov drift of HCC-
MAC:

V (λ(t+1),ν(t+1))− V (λ(t),ν(t)) ≤ −2κt

(
[λ(t) − λ∗]TZ(t)

HCC

+[ν(t) − ν∗]TQ(t)
HCC

)
+ κ2

t (‖Z(t)
HCC‖22 + ‖Q(t)

HCC‖22).
(39)

In HCC-MAC, since
∑
s∈Sl

x
(t)
s = c̃l(q

(t+1), P
(t)
l ) and q(t+1)

is a monotonic decreasing sequence, we have∑
s∈Sl

x(t)
s = c̃l(q

(t+1), P
(t)
l ) ≤ c̃l(q

(t), P
(t)
l ) ≤ cl(q

(t), P
(t)
l ).

The last inequality follows from the facts that q(t) in
c̃l(q

(t), P
(t)
l ) of HCC-MAC is obtained from an approximate

MAC subproblem (28). Then, we have Z
(t)
HCC = Z

(t)
OCC−Θ(t),

where Θ(t) � 0 . In this regard, we further assume that noisy
estimation in HCC-MAC does not affect its optimality, i.e.,
Q

(t)
OCC ≈ Q

(t)
HCC. Using these facts for (39), we obtain

V (λ(t+1),ν(t+1))− V (λ(t),ν(t)) ≤ −2κt

(
[λ(t) − λ∗]TZ(t)

OCC

+[ν(t) − ν∗]TQ(t)
OCC

)
+ 2κt

(
[λ(t) − λ∗]TΘ(t)

)
+κ2

t (G
2
HCC +G

′2
HCC),
(40)

where we assume ‖Z(t)
HCC‖22 ≤ G2

HCC and ‖Q(t)
HCC‖22 ≤ G

′2
HCC.

Since g(λ,ν) is convex in (λ,ν) space; and both Z
(t)
OCC and

Q
(t)
OCC are the partial gradients of g(λ,ν) at (λ(t),ν(t)), we

have:

V (λ(t+1),ν(t+1))− V (λ(t),ν(t)) ≤
−2κt

(
g(λ,ν)− g(λ∗,ν∗)

)
+ κ2

t (G
2
HCC +G

′2
HCC)

+2κt

(
[λ(t) − λ∗]TΘ(t)

)
.

(41)

By taking expectation of (41) over (λ,ν), we get

E[V (λ(t+1),ν(t+1))− V (λ(t),ν(t))] ≤
−2κt

(
E[g(λ,ν)]− g(λ∗,ν∗)

)
+ κ2

t (G
2
HCC +G

′2
HCC)

+2κtE[
(
[λ(t) − λ∗]TΘ(t)

)
]. (42)
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Summing (42) from τ = 0 to τ = t, we obtain

1

t

t∑
τ=0

E[g(λ(τ),ν(τ))]− g(λ∗,ν∗) ≤

E[V (λ(1),ν(1))]

2t
∑t

τ=0 κτ

+

∑t
τ=0 κτ (G

2
HCC +G

′2
HCC)

2t

+

∑t
τ=0 E[

(
[λ(τ) − λ∗]TΘ(τ)

)
]

t
. (43)

where the inequality follows the fact that
E[V (λ(t+1),ν(t+1))] ≥ 0. For some sufficiently large
t, we have

lim
t→∞

1

t

t∑
τ=0

E[g(λ(τ),ν(τ))]− g(λ∗,ν∗) ≤
κ∞
2

(G2
HCC +G

′2
HCC) + E[

(
[λ(∞) − λ∗]TΘ(∞)

)
].

⇔ E[g(λ(∞),ν(∞))]− g(λ∗,ν∗) ≤
κ∞
2

(G2
HCC +G

′2
HCC) + E[

(
[λ(∞) − λ∗]TΘ(∞)

)
]. (44)

Since g(λ,ν) is a convex function, by Jensens inequality, we
can rewrite (44) as:

g(E[λ(∞),ν(∞)])− g(λ∗,ν∗) ≤ κ∞
2

(G2
HCC +G

′2
HCC) + ρ,

(45)

where E[
(
[λ(∞)−λ∗]TΘ(∞)

)
] = ρ. Similarly, in OCC-MAC,

we can also obtain:

g(E[λ(∞),ν(∞)])− g(λ∗,ν∗) ≤ κ∞
2

(G2
OCC +G

′2
OCC).

(46)

Hence, the algorithms OCC-MAC and HCC-MAC converge
statistically to within κ∞(G2

OCC +G
′2
OCC)/2 and κ∞(G2

HCC +

G
′2
HCC)/2 + ρ of the optimal value g(λ∗,ν∗), respectively.

Then, their optimal gap is (κ∞‖Θ‖22/2+ρ) which is negligible
because ρ and ‖Θ‖22 are very small.

REFERENCES

[1] Y.-C. Liang, K.-C. Chen, G. Y. Li, and P. Mahonen, “Cognitive
radio networking and communications: an overview,” IEEE Trans. Veh.
Technol., vol. 60, no. 7, pp. 3386–3407, Sept. 2011.

[2] A. Goldsmith, S. A. Jafar, I. Maric, and S. Srinivasa, “Breaking spectrum
gridlock with cognitive radios: an information theoretic perspective,”
Proc. IEEE, vol. 97, no. 5, pp. 894–914, May 2009.

[3] Z. Dai, J. Liu, C. Wang, and K. Long, “An adaptive cooperation
communication strategy for enhanced opportunistic spectrum access in
cognitive radios,” IEEE Commun. Lett., vol. 16, no. 1, pp. 40–43, 2012.

[4] W. S. Jeon, J. A. Han, and D. G. Jeong, “A novel MAC scheme for
multichannel cognitive radio ad hoc networks,” IEEE Trans. Mobile
Comput., vol. 11, no. 6, pp. 922–934, 2012.

[5] L. Le and E. Hossain, “A MAC protocol for opportunistic spectrum
access in cognitive radio networks,” in Proc. 2008 IEEE WCNC, pp.
1426–1430.

[6] L. T. Tan and L. B. Le, “Distributed MAC protocol for cognitive
radio networks: design, analysis, and optimization,” IEEE Trans. Veh.
Technol., vol. 60, no. 8, pp. 3990–4003, Oct. 2011.

[7] S. C. Jha, U. Phuyal, M. M. Rashid, and V. K. Bhargava, “Design of
OMC-MAC: an opportunistic multi-channel MAC with QoS provi-
sioning for distributed cognitive radio networks,” IEEE Trans. Wireless
Commun., vol. 10, no. 10, pp. 3414–3425, 2011.

[8] Q. Chen, Y.-C. Liang, M. Motani, and W.-C. Wong, “A two-level MAC
protocol strategy for opportunistic spectrum access in cognitive radio
networks,” IEEE Trans. Veh. Technol., vol. 60, no. 5, pp. 2164–2180,
June 2011.

[9] B. Hamdaoui and K. G. Shin, “OS-MAC: an efficient MAC protocol
for spectrum-agile wireless networks,” IEEE Trans. Mobile Comput.,
vol. 7, no. 8, pp. 915–930, 2008.

[10] H. Su and X. Zhang, “Cross-layer based opportunistic MAC protocols
for QoS provisionings over cognitive radio wireless networks,” IEEE J.
Sel. Areas Commun., vol. 26, no. 1, pp. 118–129, 2008.

[11] J. Jia, Q. Zhang, and X. Shen, “HC-MAC: a hardware-constrained
cognitive MAC for efficient spectrum management,” IEEE J. Sel. Areas
Commun., vol. 26, no. 1, pp. 106–117, 2008.

[12] J. Mo and J. Walrand, “Fair end-to-end window-based congestion
control,” IEEE/ACM Trans. Netw., vol. 8, no. 5, pp. 556–567, Oct. 2000.

[13] W. Hu, D. Willkomm, M. Abusubaih, J. Gross, G. Vlantis, M. Gerla,
and A. Wolisz, “Dynamic frequency hopping communities for efficient
IEEE 802.22 operation,” IEEE Commun. Mag., vol. 45, no. 5, pp. 80–
87, May 2007.

[14] S. Huang, X. Liu, and Z. Ding, “Opportunistic spectrum access in
cognitive radio networks,” in Proc. 2008 IEEE INFOCOM, pp. 1427–
1435.

[15] J.-W. Lee, M. Chiang, and A. R. Calderbank, “Utility-optimal random-
access control,” IEEE Trans. Wireless Commun., vol. 6, no. 7, pp. 2741–
2751, July 2007.

[16] Y. Yu and G. B. Giannakis, “Cross-layer congestion and contention
control for wireless ad hoc networks,” IEEE Trans. Wireless Commun.,
vol. 7, no. 1, pp. 37–42, Jan. 2008.

[17] IEEE, “Wireless LAN medium access control (MAC) and physical layer
(PHY) specifications,” IEEE Std 802.11, June 1999.

[18] T. A. Weiss and F. K. Jondral, “Spectrum pooling: an innovative strategy
for the enhancement of spectrum efficiency,” IEEE Commun. Mag.,
vol. 42, no. 3, pp. S8–14, Aug. 2004.

[19] M. V. Nguyen, C. S. Hong, and S. Lee, “Cross-layer optimization for
congestion and power control in OFDM-based multi-hop cognitive radio
networks,” IEEE Trans. Commun., vol. 60, no. 8, pp. 2101–2112, Aug.
2012.

[20] R. Urgaonkar and M. J. Neely, “Opportunistic scheduling with reliability
guarantees in cognitive radio networks,” IEEE Trans. Mobile Comput.,
vol. 8, no. 6, pp. 766–777, June 2009.

[21] Y. Shi, Y. T. Hou, J. Liu, and S. Kompella, “How to correctly use the
protocol interference model for multi-hop wireless networks,” in Proc.
2009 ACM MobiHoc, pp. 239–248.

[22] F. P. Kelly, “Charging and rate control for elastic traffic,” Eur. Trans.
Telecommun., vol. 8, no. 1, pp. 33–37, Jan. 1997.

[23] S. Boyd and L. Vandenberghe, Convex Optimization. Cambridge Uni-
versity Press, 2004.

[24] D.Bertsekas, Nonelinear Programming. Athena Scientific, 2003.
[25] R. Jain, J. Hawe, and D. Chiu, “A quantitative measure of fairness

and discrimination for resource allocation in shared computer systems,”
Tech. Rep., Sept. 1984.

Mui Van Nguyen received the B.Eng. and M.Eng.
degrees in Electronic Engineering from Ho Chi
Minh City University of Technology, Vietnam, in
2002, and 2008, respectively and the Ph.D. degree
in Computer Engineering from the Kyung Hee Uni-
versity, South Korea, in 2012. Since 2002, he was a
Lecturer with the Department of Electrical and Elec-
tronic Engineering, Ho Chi Minh City University
of Technology, Vietnam. During the period of May
2012-April 2013, he was a postdoctoral research
associate with the Department of Computer Engi-

neering, Kyung Hee University, South Korea where he is currently a research
professor. His major interests include cognitive radio networks, cross-layer
design for communication networks, multi-user multi-carrier communications
system, stochastic network optimization, and mobile cloud computing. He is
a member of the IEEE.



NGUYEN et al.: CROSS-LAYER DESIGN FOR CONGESTION, CONTENTION, AND POWER CONTROL IN CRAHNS UNDER PACKET COLLISION . . . 5571

Sungwon Lee received the B.S., M.S., and Ph.D
degrees in Computer Engineering from Kyung Hee
University, Korea, in 1994, 1996, and 1998, re-
spectively. From 1999-2008, he joined Samsung
Electronics research and business groups on topics
such as radio access network and core network
development of cdma2000 1X, cdma200 1xEV-
DO, WCDMA, HSPA, WiBro/Mobile-WiMAX, and
IP Multimedia Subsystem (IMS). He worked as a
project leader for several trial innovative system
developments. And, he was a senior engineer for

system architecture, system design, and traffic engineering for several com-
mercial product developments. He has published more than 100+ patents
according to mobile broadband networks, including more than 20 registered
US patents. He is currently an Associate Professor of Faculty with the
Department of Computer Engineering, Kyung Hee University, Korea. His
current research interests are in mobile broadband wireless networks, cel-
lular communications, machine type communications, time synchronization
protocols, wireless medium access control protocols, and mobile services. He
is an Associate Editor for Journal of Korean Institute of Information Scientists
and Engineers - Computing Practice and Letters, Journal of the Korea Society
of Computer and Information, and an Associate Director for Open Standards
and Internet Association.

Sung-jin You received his B.S. degree in electri-
cal engineering from Korea Advanced Institute of
Science and Technology (KAIST), South Korea, in
2001 and his M.S. degree in electrical engineering
from Seoul National University (SNU), South Ko-
rea, in 2003. He is currently a Research Engineer
with Electronics and Telecommunications Research
Institute (ETRI). His current research interests in-
clude media access control and radio resource man-
agement with focus on cognitive radio.

Choong Seon Hong received his B.S. and M.S.
degrees in electronic engineering from Kyung Hee
University, Korea, in 1983, 1985, respectively. In
1988 he joined KT, where he worked on Broadband
Networks as a member of the technical staff. From
September 1993, he joined Keio University, Japan.
He received the Ph.D. degree at Keio University in
March 1997. He had worked for the Telecommuni-
cations Network Lab., KT as a senior member of
technical staff and as a director of the networking
research team until August 1999. Since September

1999, he has worked as a professor of the department of computer engineering,
Kyung Hee University. He has served as a General Chair, TPC Chair/Member,
or an Organizing Committee Member for International conferences such as
NOMS, IM, APNOMS, E2EMON, CCNC, ADSN, ICPP, DIM, WISA, BcN,
TINA, SAINT, and ICOIN. Also, he is now an associate editor of IEEE
TRANSACTIONS ON NETWORK AND SERVICE MANAGEMENT, International
Journal of Network Management, Journal of Communications and Networks,
and an associate technical editor of IEEE Communications Magazine. He
is a senior member of IEEE, and a member of ACM, IEICE, IPSJ, KIISE,
KICS, KIPS and OSIA. His research interests include Future Internet, Mobile
Networks, Network Management, and Network Security.

Long Bao Le (S’04-M’07-SM’12) received the
B.Eng. degree from Ho Chi Minh City University
of Technology, Vietnam, in 1999, the M.Eng. degree
from Asian Institute of Technology, Pathumthani,
Thailand, in 2002, and the Ph.D. degree from the
University of Manitoba, Winnipeg, MB, Canada, in
2007.

From 2008 to 2010, he was a postdoctoral re-
search associate with Massachusetts Institute of
Technology, Cambridge, MA. Since 2010, he has
been an assistant professor with the Institut National

de la Recherche Scientifique (INRS), Université du Québec, Montréal, QC,
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